1.. Introduction {#s1}
================

Nowadays, the demands for environment-friendly and fully biodegradable sustainable materials have substantially increased in various industries with the enhancement of people\'s consciousness of global environmental and energy problems. It has become a significant topic to exploit and study a new natural resource which is green and environment-friendly. Lotus fibre is a kind of natural fibre which is usually extracted from the lotus stem and the lotus root. Currently, a considerable amount of lotus stems are left in the pond to be wasted after the blossom season or the harvest of lotus roots. These residues could provide abundant natural cellulose resources which can be used in the textile, paper, medical and construction industries. Nowadays, lotus fibres are being used to manufacture luxury garments. Garments produced from lotus fibres are becoming more and more popular because they are environment-friendly and comfortable. In addition, lotus fibres have also been widely used as porous and composite materials \[[@RSOS170747C1],[@RSOS170747C2]\].

Currently, extraction by hand is the main method for preparing lotus fibres \[[@RSOS170747C3]\]. However, the low efficiency of manual preparation limits large-scale use of lotus fibres. Developing convenient and efficient methods for preparing lotus fibres has attracted the attention of researchers more and more. Extraction with sodium hydroxide (NaOH) is considered one of the most widely useful and cost-effective methods for preparing natural fibres. Various natural plant fibres such as cotton, hemp, alfa, flax and ramie are obtained with sodium hydroxide \[[@RSOS170747C4]--[@RSOS170747C7]\]. Sodium hydroxide is also used for degumming of lotus fibres. However, lotus fibres extracted with sodium hydroxide contain too much of non-cellulose substances \[[@RSOS170747C8]\]. To obtain natural fibres rich in cellulose, chemical reagents such as hydrogen peroxide (H~2~O~2~), sodium hypochlorite (NaClO), sodium chlorite (NaClO~2~), sodium perchlorate and benzoate have been widely used for degumming and purification of natural fibres in the textile industry \[[@RSOS170747C9]\]. Compared with other chemical reagents, hydrogen peroxide is more popular for the degumming of fibres because it is a kind of chlorine-free bleaching agent and only produces carbon dioxide and water, which are environment-friendly.

The microwave irradiation method is very popular for its high speed and convenience, when compared with conventional heating \[[@RSOS170747C10]\]. Currently, microwave irradiation is being widely applied in the food, textile and chemical industries because of its ease of operation and low cost. Microwave technology is being used to extract fibres from plants to improve efficiency in fibre preparation \[[@RSOS170747C11]\]. Preparing fibres with hydrogen peroxide under microwave irradiation has become more and more popular because it is an environment-friendly and efficient method for obtaining cellulose resources \[[@RSOS170747C12],[@RSOS170747C13]\]. However, to the best of our knowledge, there are no reports on preparing lotus fibres from lotus stems with hydrogen peroxide under microwave irradiation.

In this study, lotus fibres were obtained from lotus stems after the latter were treated with sodium hydroxide followed by hydrogen peroxide under microwave irradiation. Morphology, chemical structure, crystal structure and thermal properties of lotus fibres were characterized using scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) and thermogravimetry (TG), respectively. In addition, the influence of treatment time on components, whiteness, moisture regain, removal rate of impurities, fineness, tensile strength and breaking elongation of lotus fibres was investigated.

2.. Experimental {#s2}
================

2.1.. Material {#s2a}
--------------

Sodium hydroxide and hydrogen peroxide with a grade of analytical purity were purchased from Kelong Reagent Co. Ltd. Lotus stems were collected from agricultural waste after harvesting from Meishan City, China.

2.2.. Preparation of lotus fibres under microwave irradiation {#s2b}
-------------------------------------------------------------

Fresh lotus stems were washed and dried at room temperature. Dried lotus stems were cut into 5 cm lengths, and 2 g samples were placed into 100 ml of NaOH solution (20 g l^−1^) and treated under microwave irradiation for 20 min. The frequency and power of the microwave generator were 2450 MHz and 750 W, respectively. The lotus stems were then washed in deionized water to neutral pH. After that, the samples were separated from the lotus stems after the latter were squeezed and rinsed. Finally, the samples were dried at 50°C and named as raw lotus fibres.

Raw lotus fibres (2 g) were treated in 100 ml H~2~O~2~ (15 wt%) under microwave irradiation for different time durations. Subsequently, the samples were squeezed and rinsed to remove debris of epidermis and other impurities. Finally, the lotus fibres were rinsed to neutral pH and dried at 50°C.

2.3.. Characterization {#s2c}
----------------------

The removal rate of impurities of the samples was calculated according to the following equation: $$W = \frac{M_{0} - M_{1}}{M_{0}} \times 100\%,$$ where *W* is the removal rate of impurities, *M*~0~ is the initial mass (g) of lotus stems and *M*~1~ is the mass (g) of lotus fibres after being treated with sodium hydroxide for a period of time.

The chemical structure of the lotus fibres was investigated with a Nicolet 6700 FTIR spectrophotometer for each measurement over the spectral range of 500--4000 cm^−1^ with a resolution of 4 cm^−1^. The morphology of the lotus fibres was observed by SEM (JSM-5900LV). TG was carried out under nitrogen flow at a heating rate of 10°C min^−1^ from 30°C to 750°C (DTG-60, Shimadzu, Japan). The crystal structure of the fibres was determined by XRD (X' Pert Pro MPO) using CuKα radiation at 40 kV and 50 mA (*λ* = 1.54 Å). The diffraction angle (2*θ*) scanned was changed from 4° to 50°. The ratio of crystalline area to total diffracted area was taken as the crystallinity. The crystallinity index (CI) was calculated according to the following equation \[[@RSOS170747C14]\]: $$\text{CI} = \frac{I_{c} - I_{am}}{M_{c}} \times 100\%,$$ where *I*~c~ and *I*~am~ represent the readings at an angle of 2*θ* to the crystalline and the amorphous region, respectively.

Components of the lotus fibres were investigated according to the standard GB 5889-86. Lignin in the lotus fibres was determined according to the standard ASTM D1106-96. Whiteness of the lotus fibres was measured by a digital display white meter (SBDY1).

Moisture regain of the lotus fibres was determined according to the standard ASTM D2495. The samples were dried at 105 ± 2°C for 1 h and then weighed. The samples were then conditioned in the room with 65% relative humidity at 20°C. The samples were weighed per 5 min until the change of weight was less than 0.1%. The moisture regain was calculated according to the following equation: $$M_{a}\,(\%) = \frac{W_{aw} - W_{d}}{W_{d}} \times 100,$$ where *M*~a~ is the moisture regain of lotus fibres, *W*~aw~ is weight after absorbing water and *W*~d~ is the weight of the samples after drying.

Fineness of the fibres was measured according to the standard ASTM D2252-05. Tensile strength and breaking elongation of the lotus fibres were evaluated according to the standard ASTM D3822. Gauge length and loading speed were 1 cm and 3 mm min^−1^, respectively. Tests were repeated 50 times for each sample and the average value was calculated as the result.

3.. Results and discussion {#s3}
==========================

3.1.. Removal rate of impurities {#s3a}
--------------------------------

The influence of treatment time with hydrogen peroxide under microwave irradiation on the removal rate of impurities of lotus fibres is shown in [figure 1](#RSOS170747F1){ref-type="fig"}. The removal rate of impurities increases rapidly from 53% to 73% when the treatment time is increased from 0** **min to 10 min, and then reaches 77% when raw lotus fibres are treated for 25 min. Lotus fibres are distributed inside the lotus stem and covered with waxes, pectin and some lignin. These non-cellulose impurities such as pectin and water-soluble substances are the main ingredients of walled ground parenchyma cells in the lotus stem \[[@RSOS170747C15]\]. Most of the pectin, waxes and water-soluble substances are removed with the dissolution of walled ground parenchyma cells in the lotus stem during preparation of lotus fibres. In addition, dissolution of hemicellulose and lignin in hydrogen peroxide can also improve the removal rate of impurities. Figure 1.Influence of treatment time on removal rate of impurities of lotus fibres.

3.2.. Components {#s3b}
----------------

[Figure 2](#RSOS170747F2){ref-type="fig"} shows variation of components in lotus fibres prepared with hydrogen peroxide for different time durations. Cellulose and non-cellulose contents in lotus fibres increase and decrease with increase in treatment time, respectively. This can be a result of the generation of hydroxyl radicals from hydrogen peroxide under microwave irradiation. Decomposition reactions of hydrogen peroxide under microwave irradiation are shown in the following equations \[[@RSOS170747C16]\]: $$\text{H}_{2}\text{O}_{2}\overset{microwave}{\rightarrow}2{HO}^{\cdot}$$ $$\text{H}_{2}\text{O}_{2} + \text{HO}^{\cdot}\rightarrow\text{HOO}^{\cdot} + \text{H}_{2}\text{O}$$ $$\text{and}\quad\quad\text{HO}^{\cdot} + \text{HOO}^{\cdot}\rightarrow\text{O}_{2} + \text{H}_{2}\text{O}$$ Figure 2.Components of lotus fibres treated with hydrogen peroxide for different time durations.

The contents of waxes and water-soluble substances of lotus fibres treated with hydrogen peroxide for 25 min are increased to 0.03% and 3.48%, respectively. The pectin content in lotus fibres before being treated with hydrogen peroxide is 8.51%. However, the pectin content is only 3.49% when the sample has been treated with hydrogen peroxide for 25 min. Waxes, water-soluble substances and pectin are removed due to the disruption of chemical bonds among the molecules of these substances and the contents of these substances significantly decrease.

Hemicellulose in lotus fibres decreases rapidly from 19.29% to 9.12% with increase in treatment time from 0 min to 25 min. The phenomenon can be explained by the fact that hemicellulose, which is a heteropolymer of xylose, [l]{.smallcaps}-arabinose and galactose, can be dissolved in a solution of hydrogen peroxide. Lignin decreases from 32% to 25% with increase in treatment time from 0 min to 5 min, which is due to the removal of lotus stem epidermis containing lignin. Lotus stem epidermis is damaged into debris, and then is completely damaged during rinsing in deionized water when the time of treatment reaches 5 min. However, lignin in lotus fibres is hardly removed due to its complicated chemical structure. In addition, combination between lignin and cellulose in lotus fibres is too strong to be broken by the hydrogen radical. Therefore, the lignin content in lotus fibres remains almost constant with further increase in treatment time \[[@RSOS170747C17]\]. The cellulose content in lotus fibres increases from 33.01% to 60.92% due to the removal of non-cellulose impurities. The results indicate that purification of raw lotus fibres can efficiently enhance the cellulose content in lotus fibres.

3.3.. Surface morphology {#s3c}
------------------------

The morphologies of raw lotus fibres and lotus fibres after being treated with hydrogen peroxide for 5 min, 15 min and 25 min are shown in [figure 3](#RSOS170747F3){ref-type="fig"}. The surface of raw lotus fibres is smooth with many longitudinal grooves. The diameter of raw lotus fibres ranges from 75 µm to 80 µm. Impurities can be observed on the surface of raw lotus fibres ([figure 3](#RSOS170747F3){ref-type="fig"}*a*). The surface of lotus fibres after being treated with hydrogen peroxide for 5 min and 15 min is rough with numerous protuberances. The diameter of lotus fibres after being treated for 5 min changes from 68 µm to 75 µm, whereas after being treated for 15 min, it changes from 45 µm to 55 µm. Impurities on the surface of lotus fibres are fewer than those on raw lotus fibres. In addition, the depth of grooves on the surface of lotus fibres is shallower than that on raw lotus fibres ([figure 3](#RSOS170747F3){ref-type="fig"}*b*,*c*). Transversely distributed superfine fibres with diameters ranging from 2 µm to 4 µm are observed from the inside of the lotus fibres after the external shell of the lotus fibres is damaged when the treatment time is 25 min ([figure 3](#RSOS170747F3){ref-type="fig"}*d*). Figure 3.Morphology of lotus fibres: (*a*) raw lotus fibres; lotus fibres after being treated with hydrogen peroxide for (*b*) 5 min, (*c*) 15 min and (*d*) 25 min; and (*e*) cross-sectional morphology of lotus fibres.

The cross section of lotus fibres is shown in [figure 3](#RSOS170747F3){ref-type="fig"}*e*. The cross-sectional shape of lotus fibres is irregular and the edge of lotus fibres is full of wrinkles. Lotus fibres are hollow and composed of an external shell and an inner superfine fibre. The thickness of the external shell is 8 µm to 20 µm. Superfine fibres are densely distributed on the interior walls of the shell in a spiral manner**.**

The preparation process of lotus fibres under microwave irradiation and the morphological character of lotus fibres are shown in [figure 4](#RSOS170747F4){ref-type="fig"}. Lotus fibres are abundant in the stems of the leaf and flower and in the root of the lotus plant \[[@RSOS170747C18]\]. Raw lotus fibres are separated from lotus stems after being treated with sodium hydroxide under microwave irradiation. Raw lotus fibres contain waxes, pectin and other non-cellulose substances. Therefore, raw lotus fibres are fibre bundles connected by non-cellulose substances. Lotus fibres are a kind of hollow fibre, which is composed of internal superfine fibres and an external shell. Waxes, pectin and other non-cellulose substances are removed due to the breaking of hydrogen bonds between these non-cellulose substances and cellulose, and the fibre bundles are divided into single fibres after being treated with hydrogen peroxide. Lotus fibres rich in cellulose are obtained after being treated with sodium hydroxide followed by hydrogen peroxide under microwave irradiation. Figure 4.Preparation process of lotus fibres under microwave irradiation.

3.4.. X-ray diffraction analysis {#s3d}
--------------------------------

XRD patterns of lotus fibres prepared by different treatment time durations are shown in [figure 5](#RSOS170747F5){ref-type="fig"}. A sharp peak at 22° and a wide peak between 14° and 17° are observed from all the spectra of lotus fibres. The result shows that lotus fibres belong to the cellulose I structure \[[@RSOS170747C19]\]. However, variations in peak intensity indicate that crystallinity of lotus fibres changes as they are treated with hydrogen peroxide under microwave irradiation. The peaks at 16°, 32° and 34° are attributed to a secondary peak for the amorphous region of cellulose, whereas the prominent peak at 22° represents the crystalline region of cellulose \[[@RSOS170747C20]\]. Figure 5.XRD patterns of lotus fibres treated with hydrogen peroxide for different time durations.

Crystallinity and the CI of lotus fibres are improved after they are treated with hydrogen peroxide as shown in [table 1](#RSOS170747TB1){ref-type="table"}. The crystallinity of lotus fibres increases from 40.94% to 62.60%. In addition, the CI of lotus fibres increases from 46.40 to 60.64. The result indicates that the ratio of the amorphous region in lotus fibres decreases with increase in treatment time. The phenomenon can be explained by the fact that the amorphous region of cellulose in lotus fibres is dissolved during their treatment with hydrogen peroxide and their crystalline structure is rearranged and the crystallinity of cellulose increases as the treatment time is prolonged \[[@RSOS170747C21]\]. Table 1.Crystallinity and CI of lotus fibres treated for different time durations.treatment timeuntreated5 min10 min15 min20 min25 mincrystallinity (%)40.9455.2458.2960.2962.8662.60CI (%)46.4056.3858.3959.2158.3860.64

3.5.. Fourier transform infrared spectrometry analysis {#s3e}
------------------------------------------------------

FTIR spectra of lotus fibres treated with hydrogen peroxide for different time durations are illustrated in [figure 6](#RSOS170747F6){ref-type="fig"}. Broad characteristic peaks at 3370--3390 cm^−1^ belong to the stretching of OH-- groups of cellulose I, whereas characteristic peaks at 2890--2910 cm^−1^ correspond to CH-- and CH~2~-- asymmetric stretching vibrations \[[@RSOS170747C22]\]. Characteristic peaks of all the samples at 1020--1040 cm^−1^ are attributed to C--O--C stretching vibration of the pyranose ring and glycosidic ether linkages between glucose units in cellulose, respectively. The peaks appearing at 890--900 cm^−1^ can be ascribed to β glycoside bonds of cellulose \[[@RSOS170747C23]\]. In addition, absorption peaks at 1650--1660 cm^−1^ and 1590--1600 cm^−1^ are assigned to oxygenous groups and benzene skeleton vibration in lignin, respectively. The peak at 1150--1170 cm^−1^ is ascribed to C─O symmetric bridge stretching of uronic ester groups in hemicelluloses \[[@RSOS170747C24]\]. Figure 6.FTIR spectra of lotus fibres treated with hydrogen peroxide for different time durations.

3.6.. Thermal analysis {#s3f}
----------------------

The thermal properties of lotus fibres treated with hydrogen peroxide for different times are illustrated in [figure 7](#RSOS170747F7){ref-type="fig"}. The initial weight loss stage of lotus fibres at 100°C to 110°C results from volatilization of water and surface oil. The second stage of weight loss is observed between 360°C and 380°C due to thermal depolymerization of hemicellulose and pectin, and cleavage of glycosidic linkages of cellulose. The third stage of weight loss, which occurs at 380°C to 650°C, may result from the breaking down of main chain groups of lotus cellulose and the slow decomposition of the high molecular weight complex of lignin \[[@RSOS170747C25]\]. Lotus fibres after being treated with hydrogen peroxide are almost decomposed when the temperature is elevated to 700°C; however, raw lotus fibres remain more residual than lotus fibres. This phenomenon can be explained by the fact that lignin and hemicellulose contents in raw lotus fibres are much more than that in lotus fibres after being treated with hydrogen peroxide. Figure 7.TG curves of lotus fibres treated with hydrogen peroxide for different time durations.

3.7.. Whiteness {#s3g}
---------------

Whiteness of lotus fibres is shown in [figure 8](#RSOS170747F8){ref-type="fig"}. Raw lotus fibres are brown and their whiteness is 7.7%. The colour of lotus fibres changes to canary, and the whiteness of lotus fibres significantly increases with increase in treatment time due to the bleaching effect of hydroxyl radicals generated from hydrogen peroxide on lotus fibres. The concentration of hydroxyl radicals increases with the decomposition of hydrogen peroxide and then reaches a maximum. Hydrogen radicals from hydrogen peroxide can oxidize the carbonyl group or quinoid in the side chains of lignin; consequently, the chromophore structure in lignin is damaged and the whiteness of the lotus fibre is improved \[[@RSOS170747C26],[@RSOS170747C27]\]. Figure 8.Influence of the treatment time with hydrogen peroxide on the whiteness of lotus fibres.

3.8.. Moisture regain {#s3h}
---------------------

The influence of treatment time with hydrogen peroxide on moisture regain of lotus fibres is illustrated in [figure 9](#RSOS170747F9){ref-type="fig"}*a*. The moisture regain of lotus fibres is 7.62%, which is close to that of cotton (7.48%) but lower than that of flax (8.51%) \[[@RSOS170747C28]\]. Lotus fibres possess excellent hydrophilic ability due to abundant --OH in macromolecular chains of cellulose in them. In addition, numerous grooves and interspaces on the surface of lotus fibres can also improve their hydrophilic ability. The moisture regain of lotus fibres increases rapidly and then remains constant with increase in treatment time. The phenomenon can be explained by the fact that interspaces and surface area in lotus fibres increase with increase in treatment time to 15 min, and then reach a maximum when the treatment time is 15 min. Figure 9.Influence of the treatment time with hydrogen peroxide on the properties of lotus fibres: (*a*) moisture regain and fineness; (*b*) tensile strength and breaking elongation.

3.9.. Fineness {#s3i}
--------------

The influence of treatment time with hydrogen peroxide on the fineness of lotus fibres is shown in [figure 9](#RSOS170747F9){ref-type="fig"}*a*. The fineness of lotus fibres decreases with increase in treatment time from 0 min to 15 min, and then remains constant. The fineness of lotus fibres is closely related to the removal of impurities of lotus fibres. The decrease in fineness of lotus fibres results from the removal of non-cellulose substances on the surface of lotus fibres, and consequently single fibres are separated from fibre bundles. Raw lotus fibre prepared with sodium hydroxide is a kind of fibre bundle, which is formed by the adhesion of single fibres by pectin or other non-cellulose substances. Fibre bundles with a large diameter are separated into single fibres due to the removal of pectin. Raw lotus fibres have been almost separated into single lotus fibres when the treatment time is prolonged to 15 min. Therefore, the fineness of lotus fibres will remain constant with increase in treatment time from 15 min to 25 min.

3.10.. Tensile strength and breaking elongation {#s3j}
-----------------------------------------------

The effects of treatment time on the tensile strength and breaking elongation of lotus fibres are illustrated in [figure 9](#RSOS170747F9){ref-type="fig"}*b*. The tensile strength and breaking elongation of lotus fibres decrease with increase in treatment time from 0 min to 25 min. The lotus fibre is a kind of hollow fibre composed of superfine fibres and an external shell. The damage of the external shell of the lotus fibres has a detrimental effect on their tensile strength. Cellulose macromolecular chains in lotus fibres are mainly linked by hydrogen bonds which are easily broken when fibres are stretched. The number of hydrogen bonds between cellulose chains decreases with increase in treatment time. Therefore, the tensile strength of lotus fibres decreases with increase in treatment time. In addition, breaking elongation of lotus fibres decreases with increase in treatment time due to increase in the crystallinity of lotus fibres.

4.. Conclusion {#s4}
==============

Lotus fibres with excellent moisture regain and whiteness are prepared with sodium hydroxide followed by hydrogen peroxide under microwave irradiation. The lotus fibre is a kind of natural hollow fibre which is composed of superfine fibres and an external shell. The cellulose component in lotus fibres, and their moisture regain and whiteness are improved after they are treated with hydrogen peroxide. The removal rate of impurities and the fineness of lotus fibres decrease with increase in treatment time. Microwave irradiation is a convenient and efficient method for the preparation of lotus fibres. This study opens up an opportunity for the use of microwaves in the preparation of lotus fibres.
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